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Using a Bayesian approach, we combine measurements of neutron star macroscopic observables
obtained by astrophysical and gravitational observations, to derive joint constraints on the equation
of state (EoS) of matter at supranuclear density. In our analysis we use two sets of data: (i) the
masses and tidal deformabilities measured in the binary neutron star event GW170817, detected
by LIGO and Virgo; (ii) the masses and stellar radii measured from observations of nuclear bursts
in accreting low-mass X-ray binaries. Using a phenomenological parametrization of the equation
of state, we compute the posterior probability distributions of the EoS parameters, using which we
infer the posterior distribution for the radius and the mass of the two neutron stars of GW170817.
The constraints we set on the radii are tighter than previous bounds.
Introduction. The detection of the gravitational wave
(GW) signal emitted in the coalescence of the binary neu-
tron star (BNS), GW170817 [1], offers a unique oppor-
tunity to probe the properties of matter at the extreme
densities occurring in a neutron star (NS) core. This
detection has stimulated a number of studies in this di-
rection, both by the LIGO/Virgo collaboration (LVC)
and by independent groups. As a result, new constraints
on NS internal composition have been derived, according
to which the equation of state (EoS) of nuclear matter
is more likely to be soft, leading to stellar configurations
with high compactness and small radii [2–23].
The GW signal emitted in a BNS coalescence carries
the imprint of NS structure in both the inspiral and
merger/post-merger phases [24–30]. During the inspiral,
the information on the stellar composition is encoded at
the leading order in the quadrupolar tidal deformability
Λ, which describes how the shape of one star changes
in response to the external tidal field [31]. For a given
equation of state, this parameter depends solely on the
stellar compactness C = M/R, i.e., on the ratio between
mass and circumferential radius of the NS at equilibrium.
Moreover, Λ is a monotonic function of C, and decreases
as the compactness grows, i.e. for more compressible
(soft) matter.
The analysis of the data of GW170817 has allowed to
estimate the average parameter1
Λ˜ =
16
13
(M1 + 12M2)M
4
1Λ1 + (M2 + 12M1)M
4
2Λ2
(M1 +M2)5
, (1)
where Λ1,2 are the individual NS tidal deformabilities
and M1,2 are the NS masses [12, 13]. Assuming low-spin
priors, the analysis carried out by the LVC collaboration
yields a value of Λ˜ = 300+420−230 at 90% confidence level [12].
Combined with the posterior distributions of the inferred
masses, this result leads to a constraint on the NS radius
1 Λ˜ is the actual parameter that enters at the leading order into
the gravitational waveform [32–34].
of 10 . R . 13 km, which excludes EoS predicting stiff
matter, i.e., less compact stars [13].
The first BNS event also marks the dawn of multi-
messenger astronomy, which will combine observations
in the electromagnetic (EM) and in the gravitational
bandwidths, expected to cover a broad range of wave-
lengths, and different stages of the evolution of the ob-
served sources.
Following the discovery of the EM counterpart of
GW170817, the information obtained from the GW data
has been complemented by that inferred from the electro-
magnetic observations associated with the merger/post-
merger phase of the binary event [35–37]; in particular,
the properties of the gamma ray burst and the kilonova
light curves have been exploited [3, 4, 6, 8–11, 15]. Thus,
in these studies EM and GW observations of the same
event have been fully exploited.
In this paper we combine independent measurements of
NS macroscopic observables obtained from EM and GW
data to derive joint constraints on the EoS of matter at
supranuclear density. We consider two distinct datasets
based on: (i) masses and tidal deformabilities extracted
from the the data analysis of GW170817; (ii) masses and
radii measured through spectroscopic observations of NS
thermonuclear bursts in low-mass X-ray binaries [38, 39].
Using a phenomenological parametrized EoS, we infer the
posterior probability distribution of the EoS parameters
through a fully Bayesian analysis, and derive new bounds
on the radius of the two NS coalescing in GW170817. Our
results show how our understanding of the EoS of mat-
ter at supranuclear density can benefit from the synergy
of data coming from astrophysical phenomena spanning
very different dynamical regimes, and detected with dis-
tinct experimental setups.
Furthermore, the proposed approach is a promising
tool to exploit the data of high-precision surveys which,
in the near future, will be available from space satellites
[40] and from advanced and third generation GW inter-
ferometers [41, 42].
Parametrized EoS. The thermodynamical properties
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2of matter inside a cold neutron star can be described by a
barotropic relation between the pressure p and the energy
density , i.e. by the equation of state, p = p(). At densi-
ties ρ . ρ0, where ρ0 ∼ 2.7×1014g/cm3 is the equilibrium
density of nuclear matter, the EoS has been determined
by extrapolating the results of terrestrial experiments on
atomic nuclei [43–46], and there is a general consensus on
its properties. For densities above the saturation point,
typical of a NS core, the EoS is less certain; indeed, due
to the complexity of quantum chromo-dynamics and to
the difficulty of testing these regimes with experiments
on Earth, hadronic interactions are described by a va-
riety of models based on different approaches and as-
sumptions [47]. These EoS, when used to describe a NS,
lead to different values of the observables and to differ-
ent relations between radius, or tidal deformability, and
mass. Thus, astrophysical and gravitational wave mea-
surements of these observables can be exploited to con-
strain the EoS, solving the so-called inverse stellar prob-
lem [48–59]. Phenomenologically parametrized EoS are
particularly useful in this respect, as they allow us to de-
scribe a large class of theoretical EoS through a relatively
small set of coefficients [60–64]. Moreover, they provide a
unique tool to combine stellar parameters obtained from
NS observations in different waveband, to infer features
of the true EoS which may not be predicted by current
models.
In this work we focus on the spectral representation
developed by Lindblom [61]. This model is based on
a series expansion of the adiabatic index Γ(p). It has
been shown that most theoretical EoS are well approx-
imated including the first four terms in the expansion,
which correspond to the 4 free parameters of the model
(γ0, γ1, γ2, γ3), such that
Γ(p) ' exp
{
3∑
k=0
γk
[
log
(
p
p0
)]k}
, (2)
where p0 is the pressure at the crust-core interface, which
we choose as in [13].
The Bayesian framework. The goal of this work is to
combine measurements of NS observables obtained in dif-
ferent astrophysical channels, such as masses, radii and
tidal deformabilities, and to reconstruct the parameters
of a phenomenological EoS. The mass and the radius of
a NS can be measured through electromagnetic observa-
tions in the X-, optical and radio wavebands of low-mass
binary systems [38, 39, 65]. The detection of gravita-
tional waves emitted in BNS merging allows to estimate
masses and tidal deformabilities of the coalescing bod-
ies [1, 12, 13, 66]. We shall now show how, using a
Bayesian scheme of inference, such complementary in-
formation can be combined to put stronger constraints
on the NS EoS.
Within the spectral parametrization, the equilibrium
configuration of a i = 1, . . . n NSs is completely specified
by the m + n parameters, namely by the m = 4 coeffi-
cients γk introduced in eq. (2), and and by n values of
the central pressure pci=1,...n. On the other hand, each NS
observation provides 2 observables, either the mass and
the radius (M,R), or the mass and the tidal deforma-
bility (M,Λ), obtained in the EM and GW channel, re-
spectively. Therefore, if we want to fully characterise the
EoS, and infer all the spectral parameters, we need at
least N = 4 observations, yielding 2N = 8 macroscopic
observables. This is the minimum number of data which
would allow to determine the 8 unknown quantities
θ = (γ0, γ1, γ2, γ3, p
c
1, p
c
2, p
c
3, p
c
4) . (3)
Hereafter pc1,2 (p
c
3,4) will correspond to the pressures of 2
NSs observed in the GW (EM) channel.
The LIGO/Virgo collaboration has detected one bi-
nary NS merger so far, GW170817, and the mass and
tidal deformabilities of the two stars have been esti-
mated [12, 13]. Estimates of NS masses and radii based
on electromagnetic observations have been obtained us-
ing a wide variety of methodologies applied to different
astrophysical environments. In this work we consider
the studies carried out by Na¨ttila¨ and collaborators, in
which the NS masses and radii are reconstructed by us-
ing the cooling tail method for the low-mass X-ray bi-
nary 4U 1724-307 [38] and by fitting the X-ray burst-
ing NSs directly to the observed spectra of 4U 1702-
429 [39]. GW170817 and two EM measurements pro-
vide enough information to solve the inverse stellar prob-
lem described before, with a joint set of data given by
d = {(M1,Λ1,M2,Λ2), (M3, R3), (M4, R4)}.
Using a Bayesian approach, we compute the posterior
probability density function (PDF) of the EoS parame-
ters given the experimental data, P(θ|d) ∝ L(d|θ)P0(θ),
where P0(θ) is the prior on the parameters, and L(d|θ)
is the likelihood function. The latter, in our case, reads:
L(d|θ) =LGW(M1,Λ1,M2,Λ2)×
LEM(M3, R3)× LEM(M4, R4) , (4)
where LGW (M1,Λ1,M2,Λ2) and LEM (Mi, Ri)i=3,4 are
the probability computed by the LIGO/Virgo collab-
oration [67, 68] and and Na¨ttila¨ et al. [38, 39], re-
spectively. We sample the posterior distribution using
Markov chain Monte Carlo (MCMC) simulations based
on the Metropolis-Hastings algorithm [69]. The MCMC
convergence is enhanced by a Gaussian adaptation algo-
rithm [70, 71] (see [57] and reference therein for a detailed
discussion on this approach).
Numerical setup. For the GW data, the likelihood
LGW (M1,Λ1,M2,Λ2) is given by the joint probability
distribution for the masses and tidal deformabilities of
GW170817 inferred by the LVC using a parametrised
EoS [13]. For the EM sector, LEM (Mi, Ri)i=3,4 is given
by the joint probability distributions of the most accurate
measurements of masses and radii provided in [38, 39].
3The latter correspond to two NSs in low-mass X-ray bi-
naries observed during thermonuclear bursts, namely 4U
1724-307 [38] and 4U 1702-429 [39]. Table I shows the
median and the 90% confidence intervals for the GW and
EM data.
M1 [M] Λ1 M2 [M] Λ2
1.46+0.13−0.09 255
+416
−171 1.26
+0.09
−0.12 661
+858
−375
M3 [M] R3 [km] M4 [M] R4 [km]
1.79+0.20−0.30 12.81
+0.44
−0.87 1.48
+0.44
−0.87 11.06
+1.57
−2.06
TABLE I. Median and 90% intervals for the masses M1,2
and the tidal deformabilities Λ1,2 of the two NS observed in
GW170817 [13] and for the masses M3,4 and the radii R3,4 of
4U 1702-429 [39] and 4U 1724-307 [38].
We assume a flat prior distributions for all parameters,
namely: γ0 ∈ [0.2, 2], γ1 ∈ [−1.6, 1.7], γ2 ∈ [−0.6, 0.6]
and γ3 ∈ [−0.02, 0.02], in agreement with the analysis
made in Ref. [13]. Furthermore, for each combination of
parameters, we require the corresponding adiabatic in-
dex to be Γ(p) ≤ 7 up to the central pressure of the NS
maximum mass configuration. Finally, we ask all cen-
tral pressures to be uniformly distributed in the range
pci ∈ [1033, 1038] dyn/cm2. Also, we ask that the inferred
EoS is consistent with existent astrophysical and theoret-
ical bounds. Specifically, we require that: (i) each EoS
model supports a maximum mass Mmax ≥ 1.97M [72],
and (ii) the EoS remains causal (speed of sound cs ≤ c,
where c is the speed of light in vacuum) up to the max-
imum mass configuration. For both models, we run 24
independent chains of n = 2 ·107 samples, discarding the
first ∼ 10% points as burn-in. The convergence of the
MCMC is determined by monitoring each chain autocor-
relation function and cross-checking the chains through
a standard Rubin test [69].
Results. The four panels of Fig 1 show the poste-
rior distributions for the parameters of the spectral
equation of state. In each panel, dashed vertical lines
identify 90% confidence intervals. The lowest order
term in the expansion of the adiabatic index Γ(p), i.e.
γ0, provides the weakest bounds with respect to the
priors, while the linear, γ1, and the “high-density”, γ2
and γ3, coefficients lead to the strongest constraints.
Such posteriors are consistent with previous studies
on large density regimes within NS cores featuring
quark matter [6, 7]. As indicated in (3), the central
pressures are also sampled in the MCMC. We find that
for the neutron stars of GW170817 these quantities
are in agreement with the values quoted by the LVC [13].
Having inferred the probability distributions for the
parameters (3), we can compute the posteriors for radius
and mass of the two NS of GW170817, by solving the
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FIG. 1. Posterior probability distributions of the parame-
ters of the spectral representations derived through the multi-
messenger analysis. Dashed vertical lines identify 90% con-
fidence intervals, also shown on top of each panel with the
median.
TOV equations for each of the model sampled by the
MCMC.
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FIG. 2. 90% confidence regions for the posterior distribu-
tion of mass M and radius R of the two neutron stars of
GW170817, inferred using our approach (solid contours) and
by LVC (dashed contours). Black curves identify the mass-
radius profiles for some theoretical EoS [73–78].
Figure 2 shows the joint distribution of mass and radius
of the two stars of GW170817, together with the confi-
4dence intervals derived by LVC [13]. The M −R posteri-
ors derived with our approach fit within the LIGO/Virgo
distributions inferred through GW data alone. The val-
ues of marginalised mass and radius for the two stars,
at 90% confidence level are M1 = 1.45
+0.08
−0.06 M, R1 =
12.36+0.52−0.38 km and M2 = 1.28
+0.05
−0.06 M, R2 = 12.32
+0.66
−0.43
km. While the intervals of reconstructed masses are close
to the values inferred by LVC, the posterior distributions
along the R−direction obtained by the multi-messenger
approach are now effectively narrower.
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FIG. 3. Posterior distributions for the radii of the two neu-
tron stars of GW170817, reconstructed through the spectral
representation. Red and green colors refer, respectively, to R1
and R2. Vertical lines correspond to intervals at 90% of prob-
ability derived by the LVC (dashed) and through our analysis
(solid).
This is more evident in Fig. 3 in which we plot, for the
same GW170817 stars, the corresponding marginalised
distributions of the two radii. The dashed and the solid
vertical lines identify the 90% credible interval deter-
mined by LVC [13], and by our approach, respectively.
As already seen in Fig. 1, the analysis we perform, which
combines GW and EM observations, is consistent with
the results derived by LIGO/Virgo alone. Most notably,
the inclusion of the new datasets shrinks the posterior
distribution of R, which is now determined to an accu-
racy below 10%. Note that including in our analysis a
more massive star, i.e. the NS with mass and radius
estimated through EM observations (specifically M3 in
Table I), we are probing the EoS in a region where the
energy density is larger with respect to that probed by
the LVC analysis.
Conclusions. Multi-wavelength observations of rela-
tivistic sources provide an arena where the joint efforts of
the astrophysics, high-energy and particle physics com-
munity convey to provide new insights on the fundamen-
tal laws of Nature. Neutron stars are among the primary
targets of this quest, as unique laboratories to investigate
the behaviour of matter at densities not reproducible in
experiments on Earth. The detection of the first coalesc-
ing binary composed of two neutron stars has allowed the
LIGO/Virgo collaboration to derive the first GW con-
straint on the equation of state of matter in the inner
core of neutron stars. A large variety of follow-up analy-
ses have been pursued to further exploit the observation
of the electromagnetic counterpart in coincidence with
the gravitational event. As a result, new bounds have
been derived, which indicate that the EoS of matter in
the inner core of a neutron star is in the soft sector, and
produces more compact stars.
In this paper we have made a step forward in this
search, by combining independent measurements of NS
macroscopic parameters, namely the radius and the tidal
deformabilities from the LIGO/Virgo event, and the mass
and the radius derived from EM observations of low mass
X-ray binaries, in the spirit of multi-messenger astro-
physics. Using this approach, we have been able to set
tighter constraints on the radius of the two neutron stars
coalescing in GW170817, thus supporting, and strength-
ening, the observational evidence that neutron star cores
are composed of soft nuclear matter.
Further detections by ground-based interferometers
with higher sensitivities will provide new and more
accurate observations, which can be used to improve
the constraints presented in this Letter. It is worth
remarking that phenomenological parametrizations
can introduce systematics which may affect the final
results of the bayesian analysis. In this regard, a wider
sample of NS will also allow to test the nature and the
relevance of such systematics introduced by the specific
parametrization [79].
We thank Giovanni Camelio, Francesco Pannarale and
Leonardo Gualtieri for useful discussions and advices on
the methods used in this work. We are also indebted with
Joonas Na¨ttila¨ and Coleman Miller for sharing their re-
sults on the electromagnetic observations which are em-
ployed in our analysis. A.M. acknowledges financial sup-
port provided under the European Union’s H2020 ERC,
Starting Grant agreement no. DarkGRA–757480. We
acknowledge support from the Amaldi Research Center
funded by the MIUR program “Dipartimento di Eccel-
lenza” (CUP: B81I18001170001). The authors would like
to acknowledge networking support by the COST Action
CA16104.
∗ margherita.fasano@roma1.infn.it
† tiziano.abdelsalhin@roma1.infn.it
‡ andrea.maselli@roma1.infn.it
§ valeria.ferrari@uniroma1.it
[1] B. P. Abbott et al. (LIGO Scientific, Virgo), Phys. Rev.
Lett. 119, 161101 (2017), arXiv:1710.05832 [gr-qc].
[2] M. Shibata, S. Fujibayashi, K. Hotokezaka, K. Kiuchi,
K. Kyutoku, Y. Sekiguchi, and M. Tanaka, Phys. Rev.
D96, 123012 (2017), arXiv:1710.07579 [astro-ph.HE].
[3] L. Rezzolla, E. R. Most, and L. R. Weih, Astrophys. J.
852, L25 (2018), arXiv:1711.00314 [astro-ph.HE].
[4] B. Margalit and B. D. Metzger, Astrophys. J. 850, L19
(2017), arXiv:1710.05938 [astro-ph.HE].
5[5] M. Ruiz, S. L. Shapiro, and A. Tsokaros, Phys. Rev.
D97, 021501 (2018), arXiv:1711.00473 [astro-ph.HE].
[6] E. R. Most, L. R. Weih, L. Rezzolla, and
J. Schaffner-Bielich, Phys. Rev. Lett. 120, 261103 (2018),
arXiv:1803.00549 [gr-qc].
[7] E. Annala, T. Gorda, A. Kurkela, and A. Vuorinen,
Phys. Rev. Lett. 120, 172703 (2018), arXiv:1711.02644
[astro-ph.HE].
[8] A. Bauswein, O. Just, H.-T. Janka, and N. Stergioulas,
Astrophys. J. 850, L34 (2017), arXiv:1710.06843 [astro-
ph.HE].
[9] M. W. Coughlin et al., (2018), 10.1093/mnras/sty2174,
arXiv:1805.09371 [astro-ph.HE].
[10] D. Radice and L. Dai, (2018), arXiv:1810.12917 [astro-
ph.HE].
[11] D. Radice, A. Perego, F. Zappa, and S. Bernuzzi, As-
trophys. J. 852, L29 (2018), arXiv:1711.03647 [astro-
ph.HE].
[12] B. P. Abbott et al. (Virgo, LIGO Scientific), (2018),
arXiv:1805.11579 [gr-qc].
[13] B. P. Abbott et al. (LIGO Scientific, Virgo), Phys. Rev.
Lett. 121, 161101 (2018), arXiv:1805.11581 [gr-qc].
[14] S. De, D. Finstad, J. M. Lattimer, D. A. Brown,
E. Berger, and C. M. Biwer, Phys. Rev. Lett. 121,
091102 (2018), arXiv:1804.08583 [astro-ph.HE].
[15] M. W. Coughlin, T. Dietrich, B. Margalit, and B. D.
Metzger, (2018), arXiv:1812.04803 [astro-ph.HE].
[16] Z. Carson, A. W. Steiner, and K. Yagi, (2018),
arXiv:1812.08910 [gr-qc].
[17] C. Raithel, F. O¨zel, and D. Psaltis, Astrophys. J. 857,
L23 (2018), arXiv:1803.07687 [astro-ph.HE].
[18] N.-B. Zhang, B.-A. Li, and J. Xu, Astrophys. J. 859, 90
(2018), arXiv:1801.06855 [nucl-th].
[19] P. Landry and R. Essick, (2018), arXiv:1811.12529 [gr-
qc].
[20] T. Malik, N. Alam, M. Fortin, C. Provideˆncia, B. K.
Agrawal, T. K. Jha, B. Kumar, and S. K. Patra, Phys.
Rev. C98, 035804 (2018), arXiv:1805.11963 [nucl-th].
[21] I. Tews, J. Margueron, and S. Reddy, Phys. Rev. C98,
045804 (2018), arXiv:1804.02783 [nucl-th].
[22] Y. Lim and J. W. Holt, Phys. Rev. Lett. 121, 062701
(2018), arXiv:1803.02803 [nucl-th].
[23] B. Kumar and P. Landry, Phys. Rev. D99, 123026
(2019), arXiv:1902.04557 [gr-qc].
[24] T. Hinderer, B. D. Lackey, R. N. Lang, and J. S. Read,
Phys. Rev. D81, 123016 (2010), arXiv:0911.3535 [astro-
ph.HE].
[25] A. Maselli, L. Gualtieri, and V. Ferrari, Phys. Rev. D88,
104040 (2013), arXiv:1310.5381 [gr-qc].
[26] J. S. Read, L. Baiotti, J. D. E. Creighton, J. L. Friedman,
B. Giacomazzo, K. Kyutoku, C. Markakis, L. Rezzolla,
M. Shibata, and K. Taniguchi, Phys. Rev. D88, 044042
(2013), arXiv:1306.4065 [gr-qc].
[27] W. Del Pozzo, T. G. F. Li, M. Agathos, C. Van
Den Broeck, and S. Vitale, Phys. Rev. Lett. 111, 071101
(2013), arXiv:1307.8338 [gr-qc].
[28] L. Wade, J. D. E. Creighton, E. Ochsner, B. D. Lackey,
B. F. Farr, T. B. Littenberg, and V. Raymond, Phys.
Rev. D89, 103012 (2014), arXiv:1402.5156 [gr-qc].
[29] A. Bauswein and H. T. Janka, Phys. Rev. Lett. 108,
011101 (2012), arXiv:1106.1616 [astro-ph.SR].
[30] S. Bose, K. Chakravarti, L. Rezzolla, B. S.
Sathyaprakash, and K. Takami, Phys. Rev. Lett.
120, 031102 (2018), arXiv:1705.10850 [gr-qc].
[31] T. Hinderer, Astrophys. J. 677, 1216 (2008),
arXiv:0711.2420 [astro-ph].
[32] E. E. Flanagan and T. Hinderer, Phys. Rev. D77, 021502
(2008), arXiv:0709.1915 [astro-ph].
[33] J. E. Vines and E. E. Flanagan, Phys. Rev. D88, 024046
(2013), arXiv:1009.4919 [gr-qc].
[34] J. Vines, E. E. Flanagan, and T. Hinderer, Phys. Rev.
D83, 084051 (2011), arXiv:1101.1673 [gr-qc].
[35] B. P. Abbott et al. (Virgo, Fermi-GBM, INTE-
GRAL, LIGO Scientific), Astrophys. J. 848, L13 (2017),
arXiv:1710.05834 [astro-ph.HE].
[36] B. P. Abbott et al. (GROND, SALT Group, Oz-
Grav, DFN, INTEGRAL, Virgo, Insight-Hxmt, MAXI
Team, Fermi-LAT, J-GEM, RATIR, IceCube, CAAS-
TRO, LWA, ePESSTO, GRAWITA, RIMAS, SKA
South Africa/MeerKAT, H.E.S.S., 1M2H Team, IKI-GW
Follow-up, Fermi GBM, Pi of Sky, DWF (Deeper Wider
Faster Program), Dark Energy Survey, MASTER, As-
troSat Cadmium Zinc Telluride Imager Team, Swift,
Pierre Auger, ASKAP, VINROUGE, JAGWAR, Chan-
dra Team at McGill University, TTU-NRAO, GROWTH,
AGILE Team, MWA, ATCA, AST3, TOROS, Pan-
STARRS, NuSTAR, ATLAS Telescopes, BOOTES, Cal-
techNRAO, LIGO Scientific, High Time Resolution Uni-
verse Survey, Nordic Optical Telescope, Las Cumbres
Observatory Group, TZAC Consortium, LOFAR, IPN,
DLT40, Texas Tech University, HAWC, ANTARES,
KU, Dark Energy Camera GW-EM, CALET, Euro
VLBI Team, ALMA), Astrophys. J. 848, L12 (2017),
arXiv:1710.05833 [astro-ph.HE].
[37] D. A. Coulter et al., Science (2017), 10.1126/sci-
ence.aap9811, [Science358,1556(2017)], arXiv:1710.05452
[astro-ph.HE].
[38] J. Na¨ttila¨, A. W. Steiner, J. J. E. Kajava, V. F.
Suleimanov, and J. Poutanen, Astron. Astrophys. 591,
A25 (2016), arXiv:1509.06561 [astro-ph.HE].
[39] J. Na¨ttila¨, M. C. Miller, A. W. Steiner, J. J. E. Kajava,
V. F. Suleimanov, and J. Poutanen, Astron. Astrophys.
608, A31 (2017), arXiv:1709.09120 [astro-ph.HE].
[40] Z. Arzoumanian, K. C. Gendreau, C. L. Baker,
T. Cazeau, P. Hestnes, J. W. Kellogg, S. J. Kenyon,
R. P. Kozon, K.-C. Liu, S. S. Manthripragada, C. B.
Markwardt, A. L. Mitchell, J. W. Mitchell, C. A. Mon-
roe, T. Okajima, S. E. Pollard, D. F. Powers, B. J.
Savadkin, L. B. Winternitz, P. T. Chen, M. R. Wright,
R. Foster, G. Prigozhin, R. Remillard, and J. Doty,
in Space Telescopes and Instrumentation 2014: Ultravi-
olet to Gamma Ray , Proceedings of the SPIE, Vol. 9144
(2014) p. 914420.
[41] B. Abbott, R. Abbott, T. Abbott, M. Abernathy, K. Ack-
ley, C. Adams, P. Addesso, R. Adhikari, V. Adya, C. Af-
feldt, N. Aggarwal, O. Aguiar, A. Ain, P. Ajith, B. Allen,
P. Altin, S. Anderson, W. Anderson, K. Arai, M. Araya,
C. Arceneaux, J. Areeda, K. Arun, G. Ashton, M. Ast,
S. Aston, P. Aufmuth, C. Aulbert, S. Babak, P. Baker,
S. Ballmer, J. Barayoga, S. Barclay, B. Barish, D. Barker,
B. Barr, L. Barsotti, J. Bartlett, I. Bartos, R. Bassiri,
J. Batch, C. Baune, A. Bell, B. Berger, G. Bergmann,
C. Berry, J. Betzwieser, S. Bhagwat, R. Bhandare,
V. Mandic, and ligo Scientific Collaboration, Clas-
sical and Quantum Gravity 34 (2017), 10.1088/1361-
6382/aa51f4.
[42] S. Hild, S. Chelkowski, A. Freise, J. Franc, N. Morgado,
6R. Flaminio, and R. DeSalvo, Classical and Quantum
Gravity 27, 015003 (2010), arXiv:0906.2655 [gr-qc].
[43] P. Haensel and B. Pichon, Astron. Astrophys. 283, 313
(1994), arXiv:nucl-th/9310003 [nucl-th].
[44] S. Abrahamyan et al., Phys. Rev. Lett. 108, 112502
(2012), arXiv:1201.2568 [nucl-ex].
[45] M. B. Tsang, Y. Zhang, P. Danielewicz, M. Famiano,
Z. Li, W. G. Lynch, and A. W. Steiner, Phys. Rev. Lett.
102, 122701 (2009), arXiv:0811.3107 [nucl-ex].
[46] A. Tamii et al., Phys. Rev. Lett. 107, 062502 (2011),
arXiv:1104.5431 [nucl-ex].
[47] J. M. Lattimer and M. Prakash, Astrophys. J. 550, 426
(2001), arXiv:astro-ph/0002232 [astro-ph].
[48] F. Ozel and D. Psaltis, Phys. Rev. D80, 103003 (2009),
arXiv:0905.1959 [astro-ph.HE].
[49] J. S. Read, C. Markakis, M. Shibata, K. Uryu, J. D. E.
Creighton, and J. L. Friedman, Phys. Rev. D79, 124033
(2009), arXiv:0901.3258 [gr-qc].
[50] A. W. Steiner, J. M. Lattimer, and E. F. Brown, Astro-
phys. J. 765, L5 (2013), arXiv:1205.6871 [nucl-th].
[51] L. Lindblom and N. M. Indik, Phys. Rev. D86, 084003
(2012), arXiv:1207.3744 [astro-ph.HE].
[52] L. Lindblom and N. M. Indik, Phys. Rev. D89, 064003
(2014), [Erratum: Phys. Rev.D93,no.12,129903(2016)],
arXiv:1310.0803 [astro-ph.HE].
[53] B. D. Lackey and L. Wade, Phys. Rev. D91, 043002
(2015), arXiv:1410.8866 [gr-qc].
[54] S. Guillot and R. E. Rutledge, Astrophys. J. 796, L3
(2014), arXiv:1409.4306 [astro-ph.HE].
[55] F. Ozel, D. Psaltis, T. Guver, G. Baym, C. Heinke,
and S. Guillot, Astrophys. J. 820, 28 (2016),
arXiv:1505.05155 [astro-ph.HE].
[56] C. A. Raithel, F. O¨zel, and D. Psaltis, Astrophys. J.
844, 156 (2017), arXiv:1704.00737 [astro-ph.HE].
[57] T. Abdelsalhin, A. Maselli, and V. Ferrari, Phys. Rev.
D97, 084014 (2018), arXiv:1712.01303 [gr-qc].
[58] M. F. Carney, L. E. Wade, and B. S. Irwin, Phys. Rev.
D98, 063004 (2018), arXiv:1805.11217 [gr-qc].
[59] L. Lindblom, Phys. Rev. D98, 043012 (2018),
arXiv:1807.02538 [astro-ph.HE].
[60] J. S. Read, B. D. Lackey, B. J. Owen, and J. L. Friedman,
Phys. Rev. D79, 124032 (2009), arXiv:0812.2163 [astro-
ph].
[61] L. Lindblom, Phys. Rev. D82, 103011 (2010),
arXiv:1009.0738 [astro-ph.HE].
[62] A. W. Steiner, J. M. Lattimer, and E. F. Brown, Astro-
phys. J. 722, 33 (2010), arXiv:1005.0811 [astro-ph.HE].
[63] C. A. Raithel, F. Ozel, and D. Psaltis, Astrophys. J.
831, 44 (2016), arXiv:1605.03591 [astro-ph.HE].
[64] L. Lindblom, Phys. Rev. D97, 123019 (2018),
arXiv:1804.04072 [astro-ph.HE].
[65] F. O¨zel and P. Freire, Ann. Rev. Astron. Astrophys. 54,
401 (2016), arXiv:1603.02698 [astro-ph.HE].
[66] B. P. Abbott et al. (LIGO Scientific, Virgo), (2018),
arXiv:1811.12907 [astro-ph.HE].
[67] https://dcc.ligo.org/LIGO-P1800115/public.
[68] https://dcc.ligo.org/LIGO-P1800061/public.
[69] W. R. Gilks, S. Richardson, and D. J. Spiegelhalter,
Markov Chain Monte Carlo in Practice (Chapman &
Hall, London, UK, 1996).
[70] G. Kjellstrom and L. Taxen, IEEE Transactions on Cir-
cuits and Systems 28, 702 (1981).
[71] C. L. Mu¨ller and I. F. Sbalzarini, IEEE Congress on Evo-
lutionary Computation , 1 (2010).
[72] J. Antoniadis et al., Science 340, 6131 (2013),
arXiv:1304.6875 [astro-ph.HE].
[73] R. B. Wiringa, V. Fiks, and A. Fabrocini, Phys. Rev.
C38, 1010 (1988).
[74] M. Alford, M. Braby, M. W. Paris, and S. Reddy, Astro-
phys. J. 629, 969 (2005), arXiv:nucl-th/0411016 [nucl-
th].
[75] F. Douchin and P. Haensel, Astron. Astrophys. 380, 151
(2001), arXiv:astro-ph/0111092 [astro-ph].
[76] A. Akmal, V. R. Pandharipande, and D. G. Ravenhall,
Phys. Rev. C58, 1804 (1998), arXiv:nucl-th/9804027
[nucl-th].
[77] H. Mu¨ther, M. Prakash, and T. L. Ainsworth, Physics
Letters B 199, 469 (1987).
[78] B. D. Lackey, M. Nayyar, and B. J. Owen, Phys. Rev.
D73, 024021 (2006), arXiv:astro-ph/0507312 [astro-ph].
[79] M. Fasano, A. Maselli, and V. Ferrari, To be Submitted..
